The wake alleviation properties of wings with outboard, triangular ap extensions are estimated using data from particle image velocimetry. The experiments are conducted in a towing tank at chord-based Reynolds numbers of O O(10 5 ). The triangular-apped wings generate two unequal strength, counter-rotating vortex pairs that have circulation strength ratios ranging from ¡ 0.4 to ¡ 0.7. Introducing the oppositely signed ap vortices near the tip vortices causes a rapidly growing instability to occur between the vortices on either side of the wake. The resulting nonlinear interactions between the vortices result in a wake that is highly three-dimensional and incoherent. These effects are re ected in a marked decrease in both the rolling moment and downwash on a simulated following wing. To determine the wake alleviation properties of the triangular-apped wings, their wakes are compared to that of a conventional, rectangular wing. For all of the experimental runs, the wakes of the triangular-apped wings have maximum rolling moments and downwashes that are substantially less than those of the rectangular wing. The results indicate that the instability in the wake of the triangular-apped wings offers a possible mechanism to reduce signi cantly the wake hazard problem.
I. Introduction
A N airplane ying in the vortex wake of another airplane can experience motions anywhere from sudden upwash to downwash to rolling, depending on the airplane's position and orientation with respect to the wake. Near the ground this can be especially dangerous, as the pilot has less time to recover from rapid changes in the airplane's attitude. This hazard is further intensi ed at airports, where airplanes are continually landing and taking off in the vortex wakes of other airplanes. To deal with the vortex wake hazard, the Federal Aviation Administration in the U.S. and Civil Aviation Authority in Europe regulate the separation distances between successive airline ights, which presumably allows the following aircraft to avoid the hazard caused by the previously generated vortices. To account for the varying behavior of the vortices under different atmospheric conditions, these separation distances are often overly conservative, resulting in unnecessary ight delays and the associated frustrations and costs to the public. Consequently, there is an increasing need to develop a means of tracking or eliminating the trailing vortex hazard. Unfortunately, the technology to track precisely or predict the location of the vortices under all weather conditions is currently unavailable. As a result, a considerable amount of research has been directed toward eliminating the trailing vortex hazard by modifying the airplane that generates them.
In the 1970s NASA tested numerous concepts and devices that were intended to alleviate the wake hazard. Some of these designs, such as splines or wing-tip mounted engines, were intended to force large amounts of turbulence into the vortices. 1¡4 The idea was that the additional turbulence would cause the vortices to dissipate more quickly. Other concepts functioned by modifying the lift distribution of the wing in order to achieve a safer wake. Rossow describes two such lift distributions: a saw-tooth wing loading and a tailored wing loading. 5 Active wake alleviation designs included such concepts as small, pulsatile jets located at the wing tips and spoilers or aps that were periodically deployed in ight. 2 These designs were intended to excite the Crow instability and rapidly cause the linking of the oppositely signed tip vortices. Passive designs included wing-tip fences, control vortices, and wing-tip turning vanes. 2;3 In spite of the large number of designs that were tested, none of them were implemented as a solution to wake hazard problem. Simply put, some of the concepts did not effectively reduce the wake hazard, and for those that did the price in airplane performance was too great to make them practical.
More recently, a few concepts have emerged as potential means to control the vortex wake. In 2000, The Boeing Company went public with a design that actively eliminates the wake hazard. By periodically oscillating the outer ailerons and spoilers, an instability is driven, which causes the vortices to form vortex rings rapidly. A similar idea was also demonstrated in numerical simulations of Rennich and Lele. 6 Another concept for reducing the intensity of wake vortices is based upon an application for military submarines. The research of Quackenbush et al. over the past few years has been directed toward an idea called "vortex leveraging." 7¡10 This concept works by placing shape memory alloy control surfaces on the submarine's sailplanes and periodically oscillating them. The modulated control vortices generated by these surfaces interact with the sailplane vortices, causing an instability to rapidly occur. Though several numerical simulations have been presented, experimental veri cation does not appear to be available in the open literature.
Another concept is the topic of the present work. Although the trailing vortices cannot be eliminated, they can be forced to lose their coherence by rendering the wake three-dimensional. As noted by Rossow, the acceleration of three-dimensional instabilities is the only viable means for effective wake alleviation. 11 As long as the vortices remain parallel, they behave in a nearly two-dimensional fashion, which takes a relatively long time to decay. A robust means to bring about rapid changes in the wake is to utilize passive control vortices. The control vortices can be generated to have a strength comparable to that of the tip vortices, allowing them to alter the behavior of the tip vortices effectively. This was observed in previous towing tank studies, which investigated the merger characteristics of corotating vortex pairs in the wakes of airfoils.
12;13 By introducing ap vortices near the tip vortices, the trajectories of the tip vortices were altered so that they no longer descended in a near vertical manner, but orbited about the ap vortices in a helical fashion until the vortices merged. Because the merged vortices were just as coherent as the original ap and tip vortices, there was not much reduction in the wake hazard. In considering these results, the question then arose as to what would happen if oppositely signed control vortices were utilized instead? Perhaps by placing these control vortices close to the tip vortices an instability between them would occur, transforming the two-dimensional nature of the wake into a three-dimensional one. Furthermore, the passive nature of such a concept would make it simple to design and test. An earlier analytical study on the possible behavior of such a multiple vortex system had been made by Donaldson and Bilanin, 14 and Bilanin et al. 15 had studied the wake of a similar type of wing. However, the short wind-tunnel test section used in Bilanin et al. 15 prevented the measurements from being made suf ciently far in the wake of the wing, where the desired effects take place.
To investigate the preceding idea, ow-visualization experiments were done in the wake of a wing with outboard triangular aps. 16 The results of these experiments revealed that the two, counter-rotating ap/tip vortex pairs undergo a rapidly growing instability within 15-20 spans downstream of the wing. Following this initial set of experiments, more re ned ow-visualization measurements were done, allowing further investigation of the instability wavelengths and nonlinear behavior of the vortices. 17;18 These observations revealed that the sinuous mode along the weaker ap vortices has a wavelength that is on the order of one wingspan (Fig. 1 ). For runs with smaller circulation strength ratios, the nonlinear effects of the instability lead to a lateral exchange of vorticity across the wing centerline within 50 spans. This exchange occurs when vortex loops from one side of the wake pinch off into rings and advect themselves across the wake. For vortex pairs with slightly larger Fig. 1 Dye ow visualization of the instability between unequal strength, counter-rotating ap and tip vortices in the wake of a triangular-apped wing. 17 circulation strength ratios, the nonlinear effects of the instability remain con ned on either side of the wake, as the vortex hoops and rings are ung vertically above the elevation of the wing. Particle image velocimetry (PIV) measurements were made to quantify the relative strengths of the vortices, their trajectories, and the subsequent spreading of vorticity during their interactions. Analysis of the PIV data showed that the two-dimensional kinetic energy drops signi cantly as the instability transforms the two-dimensional nature of the wake into a three-dimensional one.
Because the distance between the counter-rotating ap/tip pairs is several times greater than the distance between the ap and tip vortices within each pair, the stability characteristics of the vortices in the wake of the triangular-apped wing can be well approximated by those of a single vortex pair. Theoretical explanations for this instability of a single vortex pair are presented in Bristol et al. 19 In a manner similar to that of Widnall et al., 20 Bristol et al. 19 showed that each vortex in the ap/tip pair imparts a straining eld on the other vortex, causing sinuous disturbances to grow. The wavelength of maximum instability is the one in which the vortex self-induced rotation rate keeps the sinuous disturbance aligned in the straining eld of the other vortex. Unlike the case of an equal-strength, counter-rotating tip/tip pair, 20 ;21 which has a base state of simple descent, an unequal strength, counter-rotating vortex pair has a base state of orbital motion. This imparts an effective rotation to the plane of the sinuous disturbance, shifting the most unstable wavelength. Consequently, the most unstable wavelength for an unequal strength, counter-rotating pair is shorter than that for an equal-strength, counter-rotating pair. The instability is driven by the vortex rate of strain eld, which is proportional to the inverse square of the separation distance between the two vortices. Thus, the instability grows signi cantly faster for a closely spaced ap/tip pair than it does for a widely spaced tip/tip pair. The experimentally observed instability wavelengths agree favorably with those predicted by linear stability analyses for both single and multiple vortex pairs. Computational uid dynamics simulations in Bristol et al. 19 also highlight several nonlinear features of the instability that were not accessible in the experiments. Having provided the explanations for why this rapidly growing instability occurs, one nal point that remains to be discussed is how effective this instability is at alleviating the wake vortex hazard; given the rate at which the instability develops, the rapid spreading of vorticity, and the three-dimensional nature of the resulting wake, the instability in the wake of the triangular-apped wing is promising to be an effective wake alleviation concept. This paper addresses this question through an analysis of the wake alleviation properties of these triangular-apped wings.
II. Experimental Setup and Data Processing
PIV measurements are done in a towing tank, which measures 70 £ 2.4 m and has a nominal water depth of 1.5 m. In the middle of the tank is the test section, which has glass windows that give an underwater view of the tank. A lightweight, aluminum carriage is used to tow the wings down the length of the tank at high speeds. The carriage is driven by a 5-hp computer-controlled motor through a steel cable. To minimize the carriage vibration, the proportional, integral, derivative input parameters for the motor are ne tuned. The optimized velocity pro le is one in which the carriage undergoes two to three minor oscillations during the initial acceleration before it arrives at a constant velocity 10 m upstream of the test section. Having done ow-visualization experiments from the start of the carriage motion and to the end of the tank, we did not see any in uence of these initial transients on the vortex wake behavior being measured. During the experiments, the carriage begins its motion 25 m upstream of the test section and continues until it reaches the far end. The reason for towing the carriage to the end of the tank is that previous experiments have demonstrated that stopping the carriage causes the wake vortices to burst prematurely. This bursting phenomena slowly propagates downstream along the vortices. Therefore, if the carriage is stopped too close to the test section the data collected there soon become contaminated by this effect.
The wings are attached to the carriage by a streamlined strut, which places them approximately 0.5 m beneath the water surface. Before conducting the experiments, ow visualization of the strut 18 The right-handed coordinate system (x, y, z) is de ned in panel a. wake is done using particle streaks in a continuous wave laser light sheet to con rm that the strut is not yawed, an effect that could invalidate the subsequent measurements. Slight adjustments are made to the strut's yaw angle so that its wake is as thin as possible. To adjust the wing's angle of attack, the strut can pivot on its mounting bracket, allowing the angle of attack to vary between §12 deg in 1-deg increments.
A modular wing ( Fig. 2 ) is used in this experiment to generate the wake vortices. Depending on the type of lift distribution desired, different tabs and aps can be attached to the trailing-edge of the basic wing. The wing and the trailing-edge tabs and aps are made of 3.2-mm-thick, stainless-steel sheet metal that is rolled to give a camber radius of 17 cm. The leading edge of the wing is tapered for the rst 20 mm, and the trailing-edge tabs and aps are tapered over the last 10 mm. On the underside of the wing are four 1.1-mm wide £ 1.1-mm deep channels, which house dye injection tubing. For this experiment three wing con gurations are used: the basic rectangular-shaped wing, which has a span of b D 40:0 cm and a chord of c D 6:67 cm; a wing that has a pair of outboard triangular aps, which have a span of 0.25b and a chord of 0.5c (denoted hereafter as 50%c TF); and a wing that has another pair of outboard triangular aps, which have a span of 0.25b and a chord of 0.75c (denoted hereafter as 75%c TF). The equi-strength, counterrotating vortex pair from the rectangular wing serves as a baseline case, against which the wakes of the triangular-apped wings are compared. A right-handed coordinate system .x; y; z/, which is attached to the wing, is de ned in Fig. 2a .
The PIV processing is performed on successive image pairs with an adaptive Lagrangian Parcel Tracking (aLPT) algorithm. 22;23 This algorithm utilizes interrogation windows that are advected and deformed according to the local velocity and velocity gradient elds, improving the quality of the data in regions of strong deformation. The outputs of aLPT are the two-dimensional velocity vector eld u i and its gradient tensor @u i =@ x j , which is computed spectrally.
For this experiment, processing of the PIV images results in data elds that are 66 bin £ 62 bin, giving a resolution of 1 cm/bin with a 50% overlap between adjacent bins.
Several tests are performed on aLPT to determine its accuracy in measuring the velocity and velocity gradient elds. These tests are accomplished by constructing synthetic PIV images in which the particles are advected according to a known velocity distribution. The images are rendered in IDL (Interactive Data Language) by generating a random distribution of particles over a 1008 £ 1018 data array, which is the same size as the PIV camera's charge-coupled device. Each particle has a Gaussian intensity distribution, where the width of the Gaussian is one pixel and the peak value is a random number between 0 and 255. The particle density is chosen so that the images appear comparable to those of the experimental data. Using a second-order Adams-Bashforth scheme, the particles are then advected by the velocity eld of a Lamb-Oseen vortex. The circulation strength 0 0 and core size ¾ of the Lamb-Oseen vortex are chosen to roughly match those of the experimental data. These values are used to generate the synthetic PIV data, which are processed with aLPT. From these tests it is determined that the standard deviation between the analytical and measured vorticity and velocity elds are approximately 3.1 and 4.2% of the maximum analytical vorticity and velocity values, respectively. These values are taken as estimates of the experimental accuracy. However, the actual data contain some out-of-plane motion, meaning that the axial velocity in the vortex wake carries particles through the light sheet. This loss of particles might introduce an additional experimental uncertainty, which has not been accounted for in the preceding analyses.
With the two-dimensional velocity and velocity gradient elds obtained from aLPT, ow statistics for a given run are calculated for the entire eld of view, as well as for the individual vortices. Ortega et al. 18 describe several quantities that are calculated. However, only those relevant to the present wake alleviation study are discussed next. The analysis of the vortex wake begins with the rst frame in which the wing enters the eld of view and continues until the last frame in the run or until the vortices leave the camera's eld of view, whichever comes rst. The wake's circulation 0 tot is obtained by integrating the axial vorticity !:
and the position y c D .y c ; z c / of the overall vorticity centroid from
The radial vortex structure 0.r/ is obtained by tting the circulation distribution of a Lamb-Oseen vortex:
to the circulation data of the vortices, where 0 0 is the vortex strength, ¾ a measure of the vortex size, and r the distance from vortex centroid.
For the triangular-apped wings, analysis of the ap and tip vortices continues until the instability gives rise to strong threedimensional effects in the measurement plane. This criterion is somewhat subjective because it depends on where the PIV light sheet cuts the vortex wake. Typically, the ap and tip vortices are examined until there is a rapid change in their core sizes or until they begin to merge with each other. After this time calculations for the individual vortices cease, and the analysis continues only for those values computed over the entire eld of view. For the rectangular wing the tip vortices are examined over the entire run.
A total of 11 runs with the rectangular wing and 24 runs with the triangular-apped wings are done by varying the towing speed U 0 between 300 and 500 cm/s and the angle of attack ® between ¡1 and 3 deg. 18 The corresponding chord-based Reynolds numbers Table 1 shows the parameters for the three experimental runs discussed in detail in this paper. For the rectangular wings both the port and starboard side vortices are captured in the PIV images (Fig. 3a) . However, because the wakes of the triangular-apped wings spread out so much only the starboard half of triangular-apped wings is imaged (Fig. 3b) .
III. Rolling Moment and Downwash Estimates
Previous investigations of wake alleviation concepts have measured the forces on following aircraft to determine how effective a particular concept was at reducing the wake hazard.
1;3;4;24¡28 For ight tests this often involved ying a smaller airplane into the wake of a larger commercial transport. In more controlled experiments various model planes and wings were positioned or towed in the wake of a larger model airplane. In the present experiment it was not feasible to set up a similar type of test for the triangular-apped wings. However, what is available are the two-dimensional velocity elds from the moment of formation of the vortex wake up to several hundred spans downstream. With this information it is possible to estimate the forces that a simulated, following wing might experience as it travels in the vortex wakes. Rossow 5 performed a similar analysis using an analytical velocity distribution. In the calculations to follow, an approach similar to that of Rossow 5 is followed using the measured velocity elds.
A. Formulation
A schematic of the ow eld is shown in Fig. 4 . The simulated following wing is located at .y; z/ and has a span of b f . The .y 0 ; z 0 / coordinate system is xed with respect to the following wing and has its origin at the wing's center (Fig. 5) . The ow inclination angle is ® f , and the ow speed about the wing is V D p .U 2 C w 2 /, where U is the translational velocity of the wing and w is the vertical component of the measured velocity eld. The force on a differential portion of the following wing is given by dL z D 1 2
, where C l® f is the two-dimensional lift-curve slope, ½ is the uid density, and c f is the chord of the following wing. It is assumed that the following wing travels at the same velocity as the towed wings, such that U D U 0 . From the velocity eld measurements the maximum value of jw=U 0 j is about 0.15, which implies that
The total force L z , de ned as the downwash, is obtained by integrating dL z over the span of the following wing to give where 
Again, only the quantity
is considered in the discussion to follow. Because the vortex wake hazard is particularly dangerous for smaller aircraft, the span of the following wing is taken to be b f D 20 cm or half that of the leading wings. By varying the location .y; z/ of the following wing, the calculations of Eqs. (5) and (7) are repeated over the entire ow eld, yielding a two-dimensional distribution of the downwash and rolling moment on the following wing. Given the nite span of the following wing, Eqs. (5) and (7) cannot be computed along the left and right sides of the ow eld. Therefore, for the rectangular wing measurements the downwash and rolling moment data are cropped by b f =2 D 10 cm on the left-and right-hand sides of the measurement plane. For the triangular-apped wings a slightly different method of cropping is done, as discussed in Sec. III.C.
B. Rectangular Wing
We take the wake of the rectangular wing as a baseline case. The lift of the wing is shown in Fig. 6 . The quantity U 0 0 tot .0/b ¤ 0 in Fig. 6a is taken as an estimate of the lift generated by the wing, where 0 tot .0/ is the initial circulation in the vortex wake and b ¤ 0 is the lateral distance between the vorticity centroids on either side of the wake at 0 spans. The lift coef cient C l is shown in Fig. 6b plot indicates that the wing is not stalling over this range of ®. The spread in the data points at a given angle of attack and Re c also gives an indication of the repeatability of the PIV measurements. The lift is nite at ® D 0 deg, which is expected as a result of the camber on the wing. Figure 7 shows contours of axial vorticity, rolling moment, and downwash for run 13 (U 0 D 500 cm/s, ® D 3:0 deg). The positive contours are drawn in black and the negative ones in gray. The axial vorticity data are shown to highlight the vortices and to orient the reader to the ow at the various downstream locations. For further discussions of the vorticity data, the reader is referred to Ortega et al. 18 The centroid locations of the left and right vortices are denoted by * and the quantities D min .t / D minfD[x.t /; y; z]g and R max .t / D maxjR[x.t /; y; z]j by ². The data elds are cropped along the left and right borders for the reason just discussed. The rolling moment is greatest near the cores of the vortices, whereas the downwash is greatest somewhat inboard of the vortices. Because the wake is nearly symmetric, the locations of the maximum rolling moment R max .t / and minimum downwash D min .t/ switch occasionally from one side of the wake to the other. Qualitatively, the plots on one side of the wake in Fig. 7 appear similar to those in Rossow for a single vortex. The rolling moment and downwash contours exhibit only slight changes over the course of the run. The maximum rolling moment R max .t/ and minimum downwash D min .t / are plotted in Fig. 8 as functions of downstream distance. The downstream distance x.t / is obtained from U 0 t , where t is the time since the wing traveled through the vertical PIV light sheet. Because the vortices remain coherent during the entire data run, the downwash and rolling moment exhibit very little decay over the 180 spans of measurements. Consequently, the wake of the rectangular wing is just as "dangerous" to the b=2 span wing at 180 spans as it is at 0 span. Figure 8c shows the average correlation coef cient c:c: avg and the standard deviation of the correlation coef cient c:c: std for each processed data eld from aLPT. This plot can be taken as a "goodness" measure of the PIV data during the run time. For this run the value of c:c: avg remains slightly greater than 0.7. Additionally, c:c: std is approximately equal to 0.1 over the entire run. For correlation values equal to 1, there is perfect correlation between the sequential particle images. This would occur when there is no uid motion in the camera's eld of view. The correlation value would be small if the vortex wake is so three-dimensional that all of the particles in the rst image leave the light sheet and are replaced with new ones by the time the second image is captured. In the following discussions the plot in Fig. 8c will be used as a reference to determine how good the PIV data are in the wakes of the triangular-apped wings. Figure 9 shows U 0 0 tot .0/b ¤ 0 and C l for the 50%c TF and 75%c TF wings as functions of ®. The lift generated by the triangularapped wings is considerably greater than that of the rectangular wing (Fig. 6a) at the same angle of attack and speed. This result might seem counterintuitive given the fact that the oppositely signed ap vortices cancel a portion of the circulation in the wake from the tip vortices. However, a simple horseshoe model of the vortex wake shown in Fig. 10 illustrates why the lift is greater for the triangular-apped wings. In Fig. 10 ¤ between the circulation centroids. Therefore, the lift is proportional to
C. Triangular-Flapped Wings
, which is greater than the lift generated by the single horseshoe lament of strength 0 1 .
The PIV measurements for the triangular-apped wings are only made on the starboard-side of the wake, preventing the rolling moment and downwash from being calculated at the wake centerline. This is caused by the nite span of the following wing, which crops the contours by 10 cm on either side of the measurement plane. Consequently, the quantities R max .t / and D min .t / might be in error, especially if they have extrema near the wake centerline. To remedy this potential source of error, a mirror image of the velocity eld is placed on the left side of the original velocity eld, in effect, generating a port-side, counter-rotating vortex pair. With this four-vortex wake R max .t / and D min .t / can be computed at the wake centerline. This re ection technique is not quite exact because the wakes of the triangular-apped wings are not exactly symmetric. As seen in the ow-visualization pictures, 18 the instability between the ap and tip vortices develops independently on either side of the wake. Additionally, what is called the centerline of the triangular-apped wings might have a slight error. Because the interrogation windows in aLPT are not integer multiples of the image size, the PIV image is cropped along its borders. This subsequently introduces an uncertainty of about 2cm in the centerline location. Therefore, the reader should keep in mind these shortcomings in the following discussions. Figure 11 shows in columns contours of axial vorticity, rolling moment, and downwash, respectively, for the 50%c TF wing at U 0 D 500 cm/s and ® D 2 deg (run 38). The ap-to-tip vortex strength ratio N 0 0 f = N 0 0t is ¡0.37, where N 0 0 f and N 0 0t are the average circulations of the ap and tip vortices. For each column of plots, the same contour levels are used. The vorticity data are shown to orient the reader to the ow at the various downstream locations. At x.t /=b D 0 the rolling-moment contours vary from negative to positive to negative as one proceeds outboard from the wake centerline. The symbol ² in these plots indicates the location of the maximum rolling moment R max .t / and the symbol * the locations of the ap and tip vortices. The symbol 4 marks the location of the overall vorticity centroid. As the instability between the ap and tip vortices becomes nonlinear, the distribution of the rolling moment becomes more widespread. By 125 spans the rolling-moment contours cover a large region of the measurement plane, and the maximum rolling moment has dropped signi cantly from its value at x.t /=b D 0.
Contours of downwash on the following wing are shown in the third column of Fig. 11 . Unlike the rolling moment, the minimum downwash D min .t / (²) occurs inboard of the ap and tip vortices. In fact, the location of minimum downwash at x.t /=b D 0 occurs at y=b · 0:25, indicating that this value would not have been computed if the velocity eld re ection were not performed. One interesting observation from Fig. 11 is the lateral spreading of the downwash. At x.t /=b D 0 the negative contours are located at y=b < 0:5. However, by 125 spans the instability has spread these negative contours, such that they are now located at y=b < 0:75. Fig. 12c to demonstrate the position of the wake during the measurement period. The curved black lines are the positions of the ap and tip vortices prior to the rapid change in vortex structure at 36 spans. The thick, black line denotes the centroid of the wake for x.t/=b < 36, whereas the gray line marks it for x.t /=b¸36. Prior to 36 spans (vertical dashed line), the rolling moment undergoes oscillations in which it has local maxima at counter
aligned, and the corresponding rolling moment is less. At 36 spans the vortex cores undergo a sudden change in structure, as the instability becomes nonlinear. After this location the rolling moment decreases substantially and continues to decay over the rest of the run. By 243 spans the rolling moment has decreased by approximately 80% from its initial value. The downwash for run 38 is shown in Fig. 12b . Like the trends of the rolling moment, the downwash decays considerably over the run as the wake becomes increasingly three-dimensional and incoherent. The average and standard deviation of the correlation coef cient from aLPT is shown in Fig. 12d . Although c:c: avg decreases somewhat over the course of the run, it remains at values comparable to those of the rectangular wing's wake (Fig. 8) . Likewise, c:c: std has values that are about equal to those of the rectangular wing in run 13. This demonstrates that the time (6 ms) between the sequential PIV images is small enough to reduce the amount of particles leaving the light sheet. If the maximum axial velocity of the particles is taken to be on the order of the maximum azimuthal velocity in the vortices (¼50 cm/s; see Fig. 31 in Ref. 18 ), the particles move about 0.25 cm axially, which is less than the thickness (1 cm) of the light sheet. Consequently, aLPT can measure the two-dimensional velocity and velocity gradient elds despite the fact that the wake becomes highly three-dimensional.
For larger values of j N 0 0 f = N 0 0t j, the qualitative features of the downwash and rolling-moment distributions are similar to those just described. Figure 13 From the data in runs 13, 38, and 47, it can be seen that the downwash and rolling moment of the triangular-apped wings behave in a manner quite unlike that of the rectangular wing. However, because the wings in these runs generate unequal amounts of lift a more accurate comparison must be made by nondimensionalizing by the lift of the wings, which is proportional to U 0 0 tot .0/b ¤ 0 . To make a proper comparison, the lift of the rectangular and triangular-apped wings is equated to the lift generated by a simple horseshoe vortex of strength 0 h , where Figure 15 shows the dimensionless rolling moment R max .t /= 0 h and downwash D min .t /=.0 h =b f / for these three runs. Initially, the rolling moments of the 50%c TF wing are greater than that of the rectangular wing. As soon as the instability becomes evident in the measurement plane, the rolling moments of the triangular-apped wing rapidly drop below the value for the rectangular wing. Because the wakes in runs 13 and 38 descend out of view during the measurement period, their rolling moments are only plotted up to 180 and 243 spans. The downwash of the triangular-apped wing is less than that of the rectangular wing at x.t /=b D 0. When the nonlinear effects of the instability propagate through the measurement plane, the downwash begins to decrease. By 150 spans the downwash of the triangularapped wing is about 1 3 of the value for the rectangular wing. exhibit little decay during the measurement period. The results for the triangular-apped wings are plotted in Figs. 16b, 16c, 16e, . From the data in Fig. 16 , an important conclusion is drawn: the 50 and 75%c triangular-apped wings generate a wake that has a rolling moment and downwash that is signi cantly less than that of the rectangular wing by 75 spans.
IV. Design Issues
As with many of the proposed concepts for reducing the wake hazard, the triangular-apped wing design comes with its own set of challenges. The rst is that of drag. By generating oppositely signed control vortices, the induced drag on the wing will more than likely increase. However, the triangular aps would be extended only during takeoff and landing, when following aircraft are relatively close. During landing, the additional drag would not be a problem because the plane is already decelerating. But during takeoff, the added drag would call for higher engine thrust.
The second challenge of this concept is that of structural modications. In its present form this wake alleviation concept operates by increasing the wing's outboard loading, which generates a larger bending moment in the wing. If this design were incorporated into an airplane, the increased bending moment would have to be compensated by strengthening the wing. For this reason the use of outboard aps would best be employed on a new aircraft design and not an existing one. Perhaps, a means of circumventing this shortcoming is to use other designs, such as vertically oriented aps 29 or the horizontal stabilizer, to generate oppositely signed control vortices.
Despite the challenges, this wake alleviation concept does possess several advantages. The rst is that it is completely passive. Requiring no oscillating aps or pulsed jets, the triangular-apped wing design functions by simply placing oppositely signed vortices inboard of the tip vortices and using their presence to disrupt the coherence of the wake. There are no concerns of degraded passenger comfort as there is likely to be in a design that periodically varies the lift distribution or vortex core sizes. Additionally, because the aps do not oscillate there would be no concerns about maintaining them against structural fatigue.
The second advantage of this concept is that the instability between the ap and tip vortices evolves very rapidly when compared to the Crow instability, the mechanism that typically brings about the demise of the vortex wake. Following Crow's 21 analytical study of the long-wave instability for a counter-rotating vortex pair, numerous wake alleviation concepts were tested in an effort to hasten this instability. 2;24;30 The hypothesis was that if this instability could be externally forced to grow the linking of oppositely signed tip vortices would form Crow rings more quickly, hence changing the two-dimensional nature of the wake into a three-dimensional one. The resulting incoherent wake would pose less of a threat to following aircraft. However, one drawback of the Crow instability is its slow growth rate. Typically, it requires a few hundred spans to develop, making it a less attractive candidate for rapid wake attenuation. The primary reason for this slow growth rate is that the large spacing between the tip vortices reduces the rate of strain that they induce on each other. Because the rate-of-strain eld is the driving mechanism of the instability's growth, it takes that much longer for the perturbations to become nite in size. On the other hand, by reducing the distance between oppositely signed vortices, as is accomplished with the triangular-apped wing, the instability can grow more rapidly. Furthermore, once the instability is triggered the nonlinear effects overwhelm the ow. The ow-visualization data in the wakes of the triangular-apped wings demonstrate that the instability grows to a nite size typically within 15-20 spans downstream of the wing. By 75 spans, at which time the rectangular wing's wake is still descending peacefully, the two-dimensional nature of the triangular-apped wing's wake has been completely transformed into a three-dimensional one.
The third advantage of this wake alleviation concept is that, although it is passive, its design does allow for the control of the nonlinear evolution of the wake. By varying the relative circulation strength of the ap vortices from only ¡0.4 to ¡0.7, it has been observed that the behavior of the vortex wake can be widely altered. 18 For smaller values of j N 0 0 f = N 0 0t j, there is a large exchange of vorticity across the wing centerline in the form of vortex rings. For larger values of j N 0 0 f = N 0 0t j, the vortices are con ned to each side of the wake, and the instability leads to an upward ejection of vorticity. Therefore, depending on the type of behavior desired in the vortex wake and the background ow conditions (wind shear, crosswinds, and turbulence) the strength of the ap vortices can be individually adjusted accordingly.
V. Conclusions
The wake alleviation properties of triangular-apped wings are estimated by comparing the rolling moment and downwash in the wakes of the triangular-apped wings with those in the wake of a baseline, rectangular wing. Using planar PIV velocity eld data, the rolling moment and downwash are calculated over a simulated following wing, which has a span half that of the wings. For the unmodi ed, rectangular wing the trailing vortex wake is stable, two-dimensional, and long-lived, resulting in a rolling moment and downwash that exhibit minimal decay over the time of measurements. On the other hand, the triangular-apped wings generate a trailing vortex wake that has signi cant wake alleviation properties. The triangular-shaped aps produce oppositely signed ap vortices near the tip vortices, resulting in a vortex wake comprised of two unequal strength, counter-rotating vortex pairs. Within 15-20 spans these vortex pairs undergo a rapidly growing sinuous instability that transforms the two-dimensional nature of the wake into a threedimensional one. The resulting distributions of rolling moment and downwash are shown to be highly diffuse when compared to those in the wake of the rectangular wing. Furthermore, both the maximum rolling moment and downwash are approximately one-half the average value for the rectangular wing by 75 spans. This behavior is seen to exist for all of the experimental runs over which the counterrotating ap vortices have strengths ranging from 40 to 70% of that of the tip vortices. The results demonstrate that the instability in the wake of the triangular-apped wings offers a possible mechanism for rapid and effective wake alleviation.
